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ABSTRACT
This paper presents [C II], [C I] and CO emission line maps of the star-forming regions N 66, N 25+N 26, and N 88 in the metal-poor
Local Group dwarf galaxy SMC. The spatial and velocity structure of the large H II region N 66 reveals an expanding ring of shocked
molecular gas centered on the exciting star cluster NGC 346, whereas a more distant dense molecular cloud is being eroded by UV
radiation from the same cluster. In the N 25+N 26 and N88 maps, diffuse [C II] emission at a relatively low surface brightness extends
well beyond the compact boundaries of the bright emission associated with the H II regions. In all regions, the distribution of this bright
[C II] emission and the less prominent [C I] emission closely follows the outline of the CO complexes, but the intensity of the [C II] and
[C I] emission is generally anticorrelated, which can be understood by the action of photodissociation and photoionization processes.
Notwithstanding the overall similarity of CO and [C II] maps, the intensity ratio of these lines varies significantly, mostly due to
changes in CO brightness. [C II] emission line profiles are up to 50% wider in velocity than corresponding CO profiles. A radiative
transfer analysis shows that the [C II] line is the dominant tracer of (CO-dark) molecular hydrogen in the SMC. CO emission traces
only a minor fraction of the total amount of gas. The similarity of the spatial distribution and line profile shape, and the dominance
of molecular gas associated with [C II] rather than CO emission imply that in the low-metallicity environment of the SMC the small
amount of dense molecular gas traced by CO is embedded in the much more extended molecular gas traced only by [C II] emission.
The contribution from neutral atomic and ionized hydrogen zones is negligible in the star-forming regions observed. The data are
available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
Key words. ISM: lines and bands — ISM: kinematics and dynamics — Galaxies: Magellanic Clouds — ISM: individual objects:
N66, N88, N 25+N 26
1. Introduction
Clouds of molecular hydrogen (H2) gas are host to the first
stages of star formation. Their physical conditions are therefore
of paramount interest, but, as is well known, direct observation
of this gas is practically impossible. Instead, the properties of the
H2 gas are derived from observations of tracers, such as the car-
bon monoxide molecule and its isotopes, or the mixed-in warm
dust. Because H2 and CO react differently to changes in their en-
vironment (e.g., UV radiation, density, and chemistry), it is nec-
essary to fully determine the environment-dependent CO tracer
characteristics before more general molecular gas conditions are
inferred. In particular, we need to address how well the CO tran-
sitions trace H2 under varying conditions. This can be done by
measuring the emission of 12CO and its isotopes in various ro-
tational transitions together with that of its dissociation products
Co and C+. The two neutral carbon [C I] lines at 492 and 809
GHz and CO lines with rest frequencies of up to about 900 GHz
can be measured from the ground (although observing opportu-
nities rapidly decrease with increasing frequency), but the ion-
ized carbon [C II] fine-structure line at 1.9 THz requires an air-
borne platform such as SOFIA or one in space, such as Herschel.
The balance between carbon monoxide and its dissociation
product atomic carbon depends on shielding by itself, by molec-
ular hydrogen, and by dust, as well as on the energy density of
the impinging radiation field. With a CO dissociation energy of
Send offprint requests to: M. A. Requena-Torres
10.6 eV and a Co ionization potential of 11.3 eV, the balance
between Co and C+ in turn also depends closely on irradiation
and shielding. For a fixed H2 column density, both dust shield-
ing and CO self-shielding inversely scale with ambient metal-
licity. It is thus of interest to compare similar sets of C+, Co,
and CO measurements spanning a range of metallicity differ-
ent than Galactic, such as provided by the Large and the Small
Magellanic Clouds with Z = 0.5Z⊙ and 0.2Z⊙, respectively
(Russell & Dopita 1992).
A first such study was published by Okada et al. (2015), who
presented a set of maps of the bright star-forming complex N 159
in the Large Magellanic Cloud (LMC). In this paper, we present
similar maps of the bright star-forming complex N 66 in the
lower metallicity Small Magellanic Cloud (SMC), as well as
strip-maps for the less active star-forming regions N 25+N 26
and N 88, also in the SMC. N 66 is the largest and brightest
H II region complex, somewhat isolated in the northern part of
the SMC Bar. At any wavelength, it is much less bright than
its counterpart 30 Doradus in the LMC, but it is similar to the
above-mentioned N 159. N 25, N 26, and N 88 are relatively
compact HII regions in the crowded southwest of the SMC Bar,
and in the thinly populated SMC Wing, respectively.
N 66 is a very extended (100 - 150 pc) diffuse and filamen-
tary gas cloud with a bright core of about 50 pc (see Fig. 1
for a comparison of the new [CII] data with the archival HST
Hα emission). The core consists of a long ionization front in
the form of a curved ridge with various bright patches of ion-
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Fig. 1. Hα map in N66 observed by the Hubble Space Telescope (ACS
WFC1 archival data, Nota et al. 2006). The units are electrons per sec-
ond, and the conversion factor 1.99 × 10−18 ergs cm−2Ang−1electron−1.
We show superposed in black the contours of the [C II] integrated in-
tensity (in K km s−1, integrated over the LSR velocity interval of 141 to
166 km s−1) from the present work. We have marked the position of the
stellar cluster NGC346 by a green star, detected water masers by blue
stars, and the supernovae by red star.
ized gas scattered about, centered on the prominent star clus-
ter NGC 346, which is the main source of ionization. At the
southeastern edge of the ridge is a bright patch known as N66 A
by Heydari-Malayeri & Selier (2010); the bright area at the op-
posite, northwestern edge of the ridge is called N66 B, and
there is another, slightly detached patch to the northeast of the
ridge, which is referred to as N66 C, a nomenclature we fol-
low here (see Fig. 2 in Reid & Wilson 2006). The stellar con-
tent of N 66 and NGC 346 has been determined in great detail;
almost 100 000 stars have been identified on HST images, in-
cluding a large number of pre-main-sequence stars (Nota et al.
2006; Gouliermis et al. 2006). N 66 is quite evolved because star
formation has been taking place here for 10-20 million years
(Sabbi et al. 2007; Cignoni et al. 2011; De Marchi et al. 2011),
even though the cluster NGC 346 that contains at least a dozen
O stars (Evans et al. 2006) is at most three million years old.
The large pre-main-sequence population, the two H2O masers
detected in N 66 (Breen et al. 2013), at least one supernova rem-
nant (Ye et al. 1991), and the large number of embedded young
stellar objects (Simon et al. 2007) all suggest that N 66 is still
forming stars, perhaps triggered by stars of an earlier genera-
tion (Gouliermis et al. 2008), but at lower rates than in the past
(Cignoni et al. 2011).
Particularly relevant to the purpose of this paper are the pre-
vious studies of the N 66 interstellar medium (ISM). The H II
region-cum-SNR was mapped in the radio continuum and the
Hα line (Ye et al. 1991; Danforth et al. 2003; Reid & Wilson
2006). Mid-infrared images, photometry, and spectroscopy were
published by Contursi et al. (2000, ISO) and Whelan et al.
(2013, Spitzer) concentrating on PAH behavior; inferred UV
radiation field strengths are up to 105 times greater than in the
solar neighborhood. Finally, maps of cool low-J CO and hot
H2 were presented by Rubio et al. (2000), whereas the [C II]
emission in the 158µm line was mapped at low spectral res-
olution by Israel & Maloney (2011). The most remarkable re-
sult from a comparison of the H2, PAH, CO, and [C II] maps
with the distribution of pre-main-sequence stars as depicted by
Hennekemper et al. (2008) or Gouliermis et al. (2014), for in-
stance, is their strong overall resemblance, even though there are
some differences in detail.
N 25 is one of a group of H II regions also containing the
compact N 26, the large and diffuse N 22, and N 21 and N 23
(Testor 2001; Testor et al. 2014) in the crowded southwestern
SMC Bar. The ionization of each of the nebulae appears to be
dominated by a single O star. The complex and its surroundings
were mapped in CO by Rubio et al. (1993, SMC-B2 no.3), in
the far-infrared continuum by Bot et al. (2010, SMCB2 N), and
in [C II] by Israel & Maloney (2011). N 25+N 26 and N 22 are
relatively pronounced radio sources at 843 MHz (Mills & Turtle
1984).
In contrast, N 88 is a well-studied rather isolated compact
object in the SMC Wing. It is included in many SMC surveys
because of its brightness and its isolated nature. It is unusu-
ally rich in dust, apparently lacking in small grains, but rich
in carbon, suggesting recent photoevaporation of dust parti-
cles (Heydari-Malayeri et al. 1999; Kurt et al. 1999). It is a very
young star-forming region, comparable to the Orion nebula in
the Milky Way (cf. Testor et al. 2010). It has been mapped in CO
by Israel et al. (2003), and in [C II] by Israel & Maloney (2011).
2. Observations
The observations were executed in two different projects, one
covering strips in the N 25 and N 88 regions, and one mapping
the extended emission in N 66. For the observations of the CO
and [C I] lines we used the instrumentation on the APEX tele-
scope1 (Gu¨sten et al. 2006), and for the [CII] and [NII] obser-
vations we used the GREAT2 instrument (Heyminck et al. 2012)
onboard SOFIA3 (Young et al. 2012). Most of the observations
were executed in different APEX and SOFIA runs during 2013,
but some additional data were observed for N 25 and N 88 in
2014.
2.1. SOFIA observations
During the Cycle 1 SOFIA Southern Deployment to New
Zealand in July 2013, we used the GREAT receiver to study re-
gions in the SMC. We made strip maps of N 25 and N 88 in
on-the-fly (OTF) mode in the [C II] line at 1900.5369 GHz (158
µm) and the [N II] line at 1462.145 (205 micron). The strip maps
consist of three parallel strips separated by 8′′ and several arcmin
in length; the effective width of the maps is thus 0.5′. The N 88
strip map is oriented in an east-west direction (PA=90◦) and cov-
ers the northern half of the H II region; the southern edge of the
map cuts through the center of the H II region. The N 25 map is
oriented diagonally in a northeast-southwest direction (PA=45◦).
It cuts across the main body of the H II region N 25.
1 This publication is based in part on data acquired with the Atacama
Pathfinder Experiment (APEX). APEX is a collaboration between
the Max-Planck-Institut fu¨r Radioastronomie, the European Southern
Observatory, and the Onsala Space Observatory
2 GREAT is a development by the MPI fu¨r Radioastronomie and
the KOSMA/ Universita¨t zu Ko¨ln, in cooperation with the MPI fu¨r
Sonnensystemforschung and the DLR Institut fu¨r Planetenforschung.
3 This work is based in part on observations made with
the NASA/DLR Stratospheric Observatory for Infrared Astronomy
(SOFIA). SOFIA is jointly operated by the Universities Space Research
Association, Inc. (USRA), under NASA contract NAS2-97001, and the
Deutsches SOFIA Institut (DSI) under DLR contract 50 OK 0901 to the
University of Stuttgart
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Table 1. Observation summary
Species Transition Freq. [GHz] instrument η f η1mb HPBW [′′]
CO J=2-1 230.538 SHeFI 0.95 0.75 27.3
J=3-2 345.795 FLASH+ 0.95 0.67(0.69) 18.2
J=4-3 461.040 FLASH+ 0.95 0.58(0.63) 13.6
J=6-5 691.473 CHAMP+ 0.95 0.56 9.1
13CO J=3-2 330.587 FLASH+ 0.95 0.67(0.69) 19.0
C18O2 J=3-2 329.331 FLASH+ 0.95 0.67(0.69) 19.0
[C I] 3P1 - 3P0 492.160 FLASH+ 0.95 0.58 (0.63) 12.8
2 3P2 - 3P1 809.341 CHAMP+ 0.95 0.47 7.8
[C II] 2P3/2 - 2P1/2 1900.536 GREAT 0.97 0.67 14.1
[N II]3 3P1 - 3P0 1462.145 GREAT 0.97 0.67 18.3
Note: 1 Values from 2013, in () from 2014. 2 Very limited observation and/or undetected. 3 Only observed in N 25+N 26 and N88, undetected.
Technical data from:
http://www3.mpifr-bonn.mpg.de/div/submmtech/heterodyne/flashplus/flashmain.htmlhttp://www3.mpifr-bonn.mpg.de/div/submmtech/heterodyne/champplus/champ efficiencies.16-09-14.htmlhttp://www3.mpifr-bonn.mpg.de/div/submmtech/heterodyne/great/GREAT calibration.html
Fig. 4. N 66 [C II] (color) and CO(3-2) channel maps (contours from 0.2 K km s−1 in steps of 0.4 K km s−1) beam-averaged to a 20′′ grid. Maps
were velocity-smoothed to 2 km s−1. The panels show the integrated emission in the velocity range of 139 to 167 km s−1 in intervals of 2 km s−1.
Note the general resemblance of the two distributions, even though there are some differences in relative intensity.
For N 66 we mapped in OTF mode with only one of the
GREAT channels (L2 to observe the [C II] line) that was con-
nected to a digital XFFTS spectrometer (Klein et al. 2012), pro-
viding a bandwidth of 2.5 GHz. For the mapping, we divided
the region into three subregions, one to cover the central region
and two side maps to continue along the bar in the north and
in the south. The submaps were made with respect to the ref-
erence position R.A. 0h 59m 20.0s and Dec. -72o09′00.0′′ (Eq.
J2000.0). The middle one centered at (−38.3′′,−31.7′′) with a
size of 120′′ × 210′′, the southern at (−13, 7′′,−151.6′′) and the
northern at (−154.3′′,+4.4′′), both with size 90′′ × 84′′.
The nominal focus position was updated regularly against
temperature drifts of the telescope structure. The pointing was
established with the optical guide cameras to an accuracy of bet-
ter than a few arcsecs. The beam widths and efficiencies are in-
dicated in Table 1. The data were calibrated with the standard
GREAT pipeline (Guan et al. 2012), removing residual telluric
lines, and further processed with the GILDAS package4. This
mostly consisted of linear baseline removal, spectral resampling,
and gridding to the final data cubes.
2.2. Complementary APEX observations
Both N 25 and N 88 were observed with the APEX tele-
scope in May, June, October, and November 2014. The N 66
molecular cloud was mapped in May and June 2013, with
the SHeFI (Vassilev et al. 2008), FLASH+ (Klein et al. 2014)
and The Carbon Heterodyne Array of the MPIfR (CHAMP+;
Kasemann et al. 2006) receivers. A summary of the observations
is shown in Table 1 together with all GREAT/SOFIA observa-
tions. With SHeFI we used the APEX1 instrument to map the
CO(2-1) transition in OTF mode and to find emission peaks for
4 http://www.iram.fr/IRAMFR/GILDAS
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Fig. 2. Integrated intensity maps between LSR velocities of 141 to 166
km s−1(in color) of N 66 for the [C II], [C I] (3P1 - 3P0), CO (3-2) and
13CO (3-2) emission. For comparison, we have superposed the contours
of the [C II] integrated intensity in black. As in Fig. 1, we have marked
the star cluster NGC346 by a green star, water masers by blue stars, and
the supernova by a red star in the top panel. In the CO(3-2) panel we
have marked the different components of the N66 structure discussed in
the text.
further observation in the 13CO and the C18O J=3-2 transitions
(undetected). With FLASH+ we obtained OTF maps in the CO
Fig. 3. Integrated intensity maps of N 66 in the CO J = (2-1), (4-3), and
(6-5) transitions. Contours as in Fig. 2.
(3-2), 13CO (3-2), and CO (4-3) lines. For [C I] (3P1 - 3P0) we
observed only the main north region and two other small re-
gions in the Bar, where the emission is weaker. With CHAMP+
we performed limited observations in the CO (6-5) and the un-
detected [C I] (3P2 - 3P1) lines. The maps of N66 are centered
on R.A. 0h 59m 20.0s and Dec. -72o09′00.0′′ (eq. J2000.0), and
the reference offset position free from emission is located at (-
240′′,+200′′). The maps are presented at full spatial resolution
in Figs. 2 and 3.
For both sets of observations, the focus was checked at the
beginning of each observation and pointing was checked ev-
ery hour to be better than 2′′. The data from APEX were cali-
brated to T∗a units and further reduction such as the conversion
to the Tmb scale, baseline subtraction, and extraction of the spe-
cific slices, spectra or integrated intensities was made with the
GILDAS package.
3. Results and analysis
3.1. Large-scale mapping of N 66
For the relatively large N 66 complex, we obtained the maps
shown in Figs. 2 and 3 in the various transitions of ionized
carbon, neutral carbon, and carbon monoxide listed in Table 1.
Because of time constraints combined with the general weak-
ness of the line emission from the N 66 complex, we were unable
4
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Fig. 5. Diagrams of the velocity structure of the N 66 gas. The left panel shows the velocity-integrated intensity of [C II] in color (K km s−1 scale),
with the integrated intensity of the CO (3-2) transition superposed in black contours (starting at 3 K km s−1 increasing in steps of 2 K km s−1). The
three panels at the right contain the position-velocity maps along the cuts indicated in the left panel, with position (in arcsec) increasing along the
direction indicated by the arrows in that panel. Note the ring-like distribution of clumpy emission in the ridge depicted in the lower two panels.
The panel at the top contains the orthogonal cut through the plume, showing more continuous and brighter emission.
to obtain complete maps of the whole area. Instead, we concen-
trated on mapping the two main distinguishing structures in the
center of the object: the ionization ridge running from the south-
east to the northwest, and the plume-like feature perpendicular
to the ridge, running in a northeastern direction. The maps cover
the bright central part of the N 66 nebular complex. More dif-
fuse, ionized gas extends far beyond the map boundaries, but
most of this appears to be excited by the same stellar clusters that
cause the ionization fronts in the map to light up. We detect [C II]
emission essentially everywhere in the region mapped. This is in
contrast to CO, which is present in the form of clumpy emission,
embedded in much weaker diffuse emission. Four distinct fea-
tures can be identified. These are (i) the bright CO cloud at the
northern end of the plume (N 66B), (ii) the bright [C II] cloud
(weak in CO) at the northwestern end of the ridge (N 66C), (iii)
a cloud of modest CO and [C II] intensities at the southeastern
end of the ridge (N 66A), and (iv) a similar cloud at the center
of the ridge, where the plume emanates (N 66-center, see the la-
bels in the CO (3-2) map in Fig. 2). The APEX CO (6-5) and
[C I] (3P1 - 3P0) maps sample only a few fields. Nevertheless, it
is very clear that [C I] is relatively strong in the plume/N 66B
and weak throughout the ridge. With this behavior, [C I] follows
that of CO rather than that of [C II].
The general distribution of the emission in both CO and [C II]
is similar to that depicted by Israel & Maloney (2011), but our
new maps have higher spatial and spectral resolutions and sen-
sitivity and consequently show better detail5. Notwithstanding
5 The central coordinates of the [C II] map shown by
Israel & Maloney (2011) are incorrect. The actual coordinates of
the (0,0) position are RA=00h59m16s , Dec=−72◦25′40′′ (B1950.0)
the significant differences in resolution and coverage of N 66,
we find that the area-integrated [C II] fluxes are roughly similar,
with the combined emission of the ridge and the plume in the
present map about half of the total emission in the much larger
(5′ × 6′) KAO map. [C II] emission is strongest in the ridge, es-
pecially in the northwest (N 66C), but the plume is also clearly
delineated in [C II]. In CO, by far the strongest emission in the
map is seen at the tip of the plume. The ridge is only weakly
seen in CO. This agrees with the SEST CO (2-1) maps published
by Rubio et al. (1993), who additionally found a clear correla-
tion between long and narrow fronts of (near-infrared emission
from) warm and presumably shocked H2 gas and the weak CO
ridge. In contrast, the H2 emission is very weak toward the plume
where CO is strong.
The [C II]/CO line intensity ratio changes greatly across the
maps. In the ridge this ratio increases from about 2.5 in the
southeast to about 5 in the center to about 9 in the [C II]-bright
cloud in the northwest. Similar high [C II]/CO ratios occur in the
bottom of the plume, dropping steeply to values below 2 at its
tip. These high ratios are entirely caused by the lack of CO flux,
as the [C II] flux hardly changes across the entire plume region
(Fig. 2). The [C I] emission is very weak toward the ridge, but
becomes conspicuous toward N-66C, coincident with the strong
CO emission.
In Fig. 5 we present slices through the data cube, showing the
emission distribution in the velocity domain. We show two par-
allel cuts through the ridge and a single cut through the plume.
In these figures the color image represents the [C II] emission,
whereas CO and [C I] emission are indicated by black and white
contours, respectively. We note that the [C I] was not mapped in
5
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Fig. 6. Line profiles along the N 66 plume, taken from the maps in Figs. 2 and 3, following the plume emission as shown in Fig. A.3. All
profiles are at a uniform resolution of 27.3′′ . Vertical scales are main-beam brightness temperature Tmb. Velocities range from VLS R = 140 km/s to
VLS R = 175 km/s and are marked at intervals of 2 km/s
the northwestern half of the ridge. The plume is restricted to a
single, relatively narrow velocity component and more or less
continuous in spatial position. However, the ridge shows three
distinct velocity components, at 145 km s−1, at 150 km s−1, and
at 160 km s−1 with a clumpy distribution in space.
Especially in the southernmost of the two cuts, the [C II]
emission may be somewhat displaced from the CO emission.
More generally speaking, the occurrence of emission in the ve-
locity domain is the same for the various lines, except for some
weak [C II] at about 150 km s−1 that seems to have no CO coun-
terpart.
In Fig. 6 and 7 we show spectra for cuts in two orthogonal
directions across the axis of the plume and of the ridge compo-
nents for N 66 (for the orientation of the cuts, see Fig. A.3 in the
appendix). These profiles show quite close similarities in most
of the positions of the cuts.
3.2. Carbon column densities in N 66
3.2.1. Results from LTE modeling
In the absence of information constraining the effect of non-
equilibrium processes in the interstellar medium studied, quan-
titative parameters can be estimated using the local thermody-
namic equilibrium (LTE) approximation that ignores the pres-
ence of such processes. In the LTE approximation, the optical
depth of emission from a species varies as a function of its col-
umn density and its excitation temperature; the emission varies
6
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Fig. 7. Line profiles along the N 66 ridge, taken from the maps in Figs. 2 and 3, following the ridge emission as shown in Fig. A.3. All profiles are
at a uniform resolution of 27.3′′ . Vertical scales are main-beam brightness temperature Tmb. Velocities range from VLS R = 120 km/s to VLS R = 180
km/s and are marked at intervals of 2 km/s
as a function of optical depth and excitation temperature. In a
previous paper, Okada et al. (2015) have presented a procedure
to produce maps of estimated column densities derived from the
observed line emission cubes of the LMC star-forming complex
N 159. Here, we apply the procedure outlined in this paper to our
results on N 66. To derive carbon column densities and the col-
umn density of H2 implied by these, we start by assuming that
LTE conditions apply for each species (C+, C◦, 13CO, and 12CO)
and by assuming that the excitation temperature Tex is constant
over each map-pixel. We assumed different beam filling factors
(η=0.1, 0.2, 0.5 and 1) to try to understand the significance of a
varying beam filling on the results.
We used the observed CO (3-2) transitions to calculate the
contribution of CO to the total C. As the 13CO isotopolog has a
low optical depth, we can use this to derive, assuming that both
isotopologues have the same Tex and η:
Tex =
hν
k
[
ln
{(
1 − e−τ13
)
η
hν
kTmb(13CO) + 1
}]−1
. (1)
The actual optical depth τ13 is derived from the observed iso-
topolog peak temperature ratio TB(CO(3 − 2))/TB(13CO(3 − 2))
equaling
[
1 − exp (−τ12)] / [1 − exp (−τ13)]. As in Okada et al.
(2015), we used the isotope ratio (see Sect. 3.2.2) to reduce the
parameter space with τ12 = 50τ13.
7
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Table 2. Spectroscopic parameters
Species Transition Aul [s−1] gu
13CO J=3-2 2.19 × 10−6 7
[C I] 3P1 - 3P0 7.98 × 10−8 3
[C II] 2P1/2 - 2P1/2 2.29 × 10−6 4
Note: Values from CDMS (Mu¨ller et al. 2001).
The column density in each velocity bin (dNv) is then found
by
dNv = τv ×
8piν20
c2
Z
gu
1
Aul
exp
(
El
kTex
) [
1 − exp
(
−
hν0
kTex
)]−1
dv, (2)
where Aul is the Einstein coefficient for each transition, El
is the energy for the lower level of each transition, and gu the
degeneracy of the upper lever of the transition. τv is derived from
the brightness temperature at each velocity bin (Tmb(v)) by
τv = − ln
[
1 − kTB(v)
ηhν
{
exp
(
hν
kTex
)
− 1
}]
, (3)
and the partition function Z is
Z =
∞∑
l=0
gl exp
(
−
El
kTex
)
. (4)
The main spectroscopic parameters of these equations are
shown in Table 2.
We calculated the 13CO column density and then converted
this into the CO column density by multiplying it with the iso-
topic abundance ratio [12C]/[13C]=50 (see Sect. 3.2.2). Total col-
umn densities N(CO) were then derived by integrating dNv(CO)
over the frequency range corresponding to the velocity interval
141–166 km s−1. The resulting maps of excitation temperature
and column density across N 66 are shown in Fig. 8.
The carbon excitation temperatures and column densities
are found in a similar way from the same basic equations (see
Okada et al. 2015, Eqns. (4) and (5)). However, here we are hin-
dered by the fact that there is only a single [C II] transition and
that out of the two [C I] transitions, we have observed only one
(the lower frequency J=1-0 transition at 492 GHz). Therefore we
cannot use the same approach.
The Tex of [C I] and [C II] have to be assumed. First, as CO
and [C I] appear to be closely associated, we assumed identical
excitation temperatures for both. Furthermore, we assumed that
the [C II] emission is in the high-temperature, high-density limit,
so that Eq. 2 yields a lower limit to the actual column density.
The CO cloud at the plume tip is relatively highly excited,
but the LTE excitation temperatures are low as ∼8, 12, 20, and
30 K for filling factors of 1, 0.5, 0.2, and 0.1, respectively.
Table 3 shows the calculated column densities in the main
emission components of the [C II] map. For the ridge component
we have averaged the three main peaks. The [C II] column den-
sities peak in the ridge, but the plume column density is very
similar. CO and [C I] column densities peak in N 66C, but the
CO clumps in the ridge also stand out. The conversion factor be-
tween the Tmb emission and the column densities are 5.2 × 1015
and 4.0 × 1016 cm−2/K for η =1 and 0.1, respectively.
Table 3. Results of the LTE analysis (for details, see Sect. 3.2.1)
for different assumed filling factors for the C-bearing species in
N 66, N 25, and N 88
Pos. Beam-averaged column densities
N([C II]) N([C I]) N(CO) NH
[1017cm−2] [1022cm−2]
η = 0.1
N66 plume 0.62 0.42 0.09 1.18
ridge 0.67 0.25 0.10 1.05
N25 0.93 0.42 0.19 1.61
N88 1.02 0.27 0.12 1.45
η = 0.2
N66 plume 0.93 0.66 0.10 1.74
ridge 0.99 0.38 0.11 1.54
N25 1.34 0.59 0.20 2.20
N88 1.33 0.38 1.30 1.88
η = 0.5
N66 plume 0.87 2.03 0.15 3.10
ridge 0.93 0.98 0.15 2.20
N25 1.25 1.42 0.28 3.05
N88 1.20 0.95 0.19 2.40
η = 1.0
N66 plume 0.85 2.60 0.22 5.5
ridge 0.93 2.60 0.23 3.9
N25 1.22 3.64 0.40 5.4
N88 1.16 2.33 0.27 3.9
3.2.2. Results from radiative transfer modeling
Especially for the CO cloud in the plume tip (N 66C), there is
sufficient material available to make a more sophisticated analy-
sis using the publicly available non-LTE radiative transfer code
RADEX. It uses as input the space density and the kinetic tem-
perature of the parent molecular hydrogen gas, and the column
density of the species under consideration to calculate as output
the line flux density that will be observed. In addition to being
one-dimensional, the code assumes an isothermal and homoge-
neous medium without any large-scale velocity gradients. It is
comparable to the LVG-method. We used it to match predicted
line fluxes as a function of input parameters to the five observed
transitions of 12CO presented in this paper, and the observed
12CO/13CO isotopic ratios in the J=1-0 and J=2-1 transitions
from the SEST program (cf. Rubio et al. 2000; Israel et al. 2003)
and the J=3-2 data from this paper. For the occasion, we re-
reduced the SEST data. For the N 66C cloud (plume) we found a
reasonably good fit of the model data to the observations for a ki-
netic temperature Tkin(H2) = 40K and a density n(H2) = 9×103
cm−3 (see Table 4). The fits allow the [12CO]/[13CO] isotope
abundance ratio to lie between 40 and 80, but a ratio of 50 gives
- as we assumed above - the best result. In this case, the beam-
averaged CO column density is N(CO) ≈ 4 × 1016 cm−2 for
a filling factor η(CO) ≈ 0.4. All the data suggest that the [C I]
emission is associated with the same molecular gas as CO, which
means that it is characterized by the same molecular hydrogen
kinetic temperature and volume density. In this case, the neutral
carbon column density is N([C I]) ≈ 1×1017×η([C I]) cm−2. For
equal filling factors η of CO and [C I], both species will therefore
have the same beam-averaged column density.
Again assuming a gas phase [C]/[H] abundance of 0.4×10−5
, we find the mass of the molecular cloud associated with the
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Fig. 8. Maps of the LTE excitation temperature and column density for the CO molecule in N 66, calculated assuming a η of 0.1 to account for
the filling factors. Left: CO excitation temperature; stars represent the positions that have been used in Table 3. Right: CO column densities. In all
panels, black contours refer to the [C II] integrated intensity as in Fig. 1.
observed [C I] and CO emission to be about M(H2 + He) =
8 × 103 M⊙.
We performed the same analysis for the CO in the ridge com-
ponent. Here, we have only a single observed 12CO/13CO isotope
ratio (J=3-2), whereas the 12CO J=6-5 transition is poorly ob-
served. Nevertheless, we find a reasonably good fit for Tkin(H2)
= 50 K and a density n(H2) = 3×103 cm−3, that is, somewhat hot-
ter and less dense than the cloud at the plume tip (see Table 4).
The beam-averaged CO column density is N(CO) = 2.2 × 1016
cm−2 for a smaller beam filling factor η(CO) ≈ 0.081. With the
same small beam filling factor, the neutral carbon-averaged col-
umn density would be a factor of three lower, that is, N([C I]) ≈
7×1015 cm−2. The molecular gas mass associated with the ridge
would be M(H2 + He) ≈ 7 × 103 M⊙, slightly lower than that
of the plume cloud despite its much larger extent. None of this
takes into account molecular gas that is not associated with CO
emission, but traced by [C II] emission instead. Below we show
that this CO-dark contribution is not only significant, but even
dominant.
The values derived with the radiative-transfer method are, in
general, similar to those obtained with the simpler LTE method.
Differences are caused by the fact that radiative-transfer model-
ing is more realistic than the assumption of LTE, which is cer-
tainly not quite correct. Differences are also caused by the more
realistic assumption of identical CO and [C I] kinetic tempera-
tures rather than identical excitation temperatures, and by a more
realistic estimate of [C II] parameters. In the LTE modeling the
different carbon phases (CO, [C I], and [C II]) were treated as un-
related to one another, whereas in the LVG modeling we treated
them as much as possible as a coherent ensemble, resulting in a
more constrained solution than obtained with the LTE modeling.
For example, the LVG modeling allows us to define the CO fill-
ing factor and to constrain the isotopic abundance, both of which
had to be assumed in the LTE treatment.
Finally, we note that the temperature and density model re-
sults obtained for both the plume and the ridge predict a ratio
of 0.75 for the [C I] 3P2 - 3P2/3P1 - 3P0 ratio, independent of
the actual [C I] column density. Determination of this ratio thus
provides an independent check on the results derived here.
3.3. Compact object N88
The results obtained on N 88 with SOFIA and APEX are graph-
ically shown in Figs. 9, 3.3, and A.2. The [C II] map in the for-
mer shows a strong resemblance to the J=2-1 12CO map pub-
lished by Israel et al. (2003, their Fig. 3), both in extent and
morphology. A relatively bright core is surrounded by more dif-
fuse emission extending over about one arcminute (≈ 15 pc),
mainly to the west and northeast. We note that the bright and
compact H II region has a diameter of no more than 3′′ (see, e.g.,
Testor et al. 2010), although diffuse Hα emission extends over
an area of 2.8′ × 1.5′ (Davies et al. 1976). The compact H II re-
gion is located at α = 01h24m08.0s, δ = −73o09′04′′ (∆α = −2′′,
∆δ = −7′′ in the coordinate system of Fig. 9). Although the [C II]
strip map is 4 arcmin long, the central arcmin contains about
two thirds of the total measured [C II] flux. As the strip map
shows, there is widespread diffuse emission in the SMC Wing,
with a mean surface brightness of 2.4±0.4 K km s−1 (1.7±0.3 W
m−2 sr−1). By averaging profiles over the easternmost and west-
ernmost arcminute (area about 150 pc2 each), well away from
the star-forming complex, we find emission features about 20-
30 km s−1 wide in velocity. This is much more than the velocity
width of the much brighter [C II] directly associated with N 88.
Although coverage and resolution are far from identical, it
appears that the integrated flux found here is very similar to that
contained in the KAO [C II] map published by Israel & Maloney
(2011). The [N II] map, covering the same area, contains very
little emission. Only at the [C II] peak do we detect weak [N II]
emission at 5% of the [C II] (Tmb) brightness, corresponding to a
flux level of about 15%.
The CO radial velocity, VLS R = 147.81 ± 0.17 km s−1 (Vhel
= 151.58 km s−1), is remarkably constant over the whole strip.
There is, however, a small but systematic increase in radial ve-
locity from the CO (1-0) to CO (4-3) by 0.38 km s−1. The [C I]
velocity is close to the mean CO velocity, but the [C II] falls out-
side the CO range because it is lower than any of the average CO
velocity by ∆v = -0.4 km s−1. The [C II] emission also shows a
hint of a systematic velocity shift with position, characteristic of
rotation or outflow (see Fig. A.2).
With increasing J-transition, the cloud becomes more cen-
trally concentrated. The FWHM of the velocity-integrated CO
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Fig. 9. N 88 total [C II] emission strip map obtained with GREAT, by integration over the velocity range VLS R=142.5-157.5 km/s. The [C II]
emission is mostly limited to a bright peak coincident with the compact H II region, although it is surrounded by a small region of lower intensity.
There is very little [C II] emission in the rest of the map.
Fig. 10. Observed line profiles along the cut through N 88. Each profile is at the relevant angular resolution as listed in Table 1. The vertical scale
is the main beam temperature Tmb in Kelvin. The horizontal scale is VLS R in km/s.
emission, corrected for finite beam width by Gaussian subtrac-
tion, changes monotonously from 46′′ (13 pc) in the J=1-0 tran-
sition (data from Israel et al. 2003) to 11′′ (3 pc) in the J=4-
3 transition. This is a much steeper drop than obtained from
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peak brightness temperatures alone, where the beam-corrected
FWHM sizes change from a similar 43′′ (1-0) to about 25′′ (7
pc) with little change between the J=4-3 and the J=3-2 transi-
tions. These differences represent significant changes in the ve-
locity width of the various profiles. The velocity width of the
profiles at the central position increases by a factor of 1.5 from
2.7 km s−1 in CO (1-0) to 4.0 km s−1 in CO (4-3), while there is
almost no corresponding change in the profiles at the neighbor-
ing positions.
Although the [C I] is rather weak, we find a velocity width
of about 3.6 km s−1 in the center. The [C II] distribution is much
wider with FWHM values of 36′′ (velocity-integrated) and 47′′
(peak brightness temperatures). Velocity widths are 4.9 km s−1
in the center and drop more slowly than for CO (or for [C I]).
In all profiles, we also see an asymmetry, with an excess
emission wing at the higher (red-shifted) velocities that appears
to be most pronounced at the central position, and in the (low
optical depth) 13CO(3-2) and [C II] lines, and the (high optical
depth) CO (4-3) line.
In the same way as for N 66, we modeled with RADEX the
line ratios available for N 88 and found a fit for Tkin(H2) = 30 K,
n(H2) = 3 × 104 cm−3, once again a 12CO/13CO isotopic ratio of
50, a beam-averaged column density N(CO) = 2.6 × 1016 cm−2,
and a [C◦]/CO ratio of 0.6 (cf. Table 4).
3.4. HII region group N 25+N 26
The SOFIA and APEX results for N 25+N 26 are displayed in
Figs. 11, 3.4, and A.1. The [C II] map in Fig. 11 is overall very
similar to the less detailed KAO [C II] map published by Israel
& Maloney (2011, their Fig. 4), in showing a bright, compact
source with a relatively bright extension to the south, superposed
on dimmer but much more extended emission to the southwest.
Again, the difference in coverage and resolution makes a com-
parison with the KAO map by Israel & Maloney (2011) difficult,
but it appears that the map shown here recovers between a third
and half of the total flux contained in the 3′ × 3′ KAO map.
The GREAT [C II] peak coincides with the compact CO source
SMC-B2 3, which is part of a larger complex in the southwest-
ern bar of the SMC mapped by Rubio et al. (1993, Figs. 3 and
4). Like the [C II] map, the CO map shows extended emission
to the west and south and only little extent toward the northeast.
The overall distribution of the CO emission and the far-infrared
dust emission (Bot et al. 2010) are very similar. The optical im-
ages presented by Testor (2001) and Testor et al. (2014) show
that the main sources of energy heating the compact cloud are
the exciting O stars of the diffuse and evolved HII region N 25
(diameter 41′′ or 12 pc) and the compact multiple group of knots
N 26 A, B, and C (overall diameter 5′′ or 1.3 pc) that is more
dust-rich with E(B−V) = 0.6. The peak of [C II] emission coin-
cides with the compact H II region located at α = 00h48m08.60s,
δ = −73o14′54.7′′ (∆α = +3′′, ∆δ = −6′′ in Fig. 9, as refer-
ence for the spectral maps) (Testor et al. 2014). The compact
(≈ 30′′) and bright [C II] cloud shown in Fig. 11 is surrounded
by a larger region (90′′) of lower surface brightness. Toward the
southwest, the [C II] brightness does not drop below
∫
TmbdV
= 8-10 K km s−1. A region of somewhat higher [C II] integrated
intensities (13-15 K km s−1) similar to that of the N 25+N 26
envelope can be seen in the lower quarter of the GREAT strip
map. This second [C II] region is not covered by our CO cuts,
but it borders on a region of relatively low CO (1-0) intensity
in the maps published by Rubio et al. (1993). To the northeast
of the compact H II regions we still find widespread low-surface
brightness [C II] emission, on average at 2-3 K km s−1.
The [C II] and [N II] maps cover the same area, but we did
not detect any emission in the latter. At the [C II] peak, the [N II]
intensity is below 2% of that of the [C II] line (≤ 4.4% in flux
per beam). The CO line profiles southwest of the N 25+N 26
peak show a second line component at a velocity about 20 km
s−1 higher (VLS R ≈ 139 km s−1). This velocity range was not
included in the maps published by Rubio et al. (1993). However,
inspection of the original SEST data reveals that the line is the
diffuse outer part of an extended CO cloud peaking at roughly
∆α = +30′′, ∆δ = −60′′ , that is the complex consisting of
the HII regions N21, N22, and N23, south of N 25+N 26 (cf.
Testor et al. 2014). The CO emission from this diffuse cloud only
has a very weak counterpart in [C II] emission. In the following,
we do not consider this component.
Fig. 11. N 25+N 26 [C II] emission strip map obtained with GREAT
by integration over the velocity range VLS R = 110-130 km/s. The bright
[C II] emission peak at the location of the compact H II regions is obvi-
ous, as is the extended diffuse emission surrounding it. The weak emis-
sion in the southwest is associated with the N 22 molecular cloud.
The radial velocity changes across the cloud from VLS R =
122.2 ± 0.1 km s−1 (Vhel = 132.7 km s−1) to VLS R = 119.4 ± 0.1
km s−1 in the best-defined J=2-1 and J=1-0 transitions. This cor-
responds to a velocity gradient of 2.8 km s−1 over 60′′ (17.5 pc).
However, the two measured positions closest to the HII regions,
(+3, -3) and (-4, -10) have radial velocities lower than expected
from this gradient that decrease even more with CO rotational
transition: J=2-1, ∆V = -0.5 km s−1, J=3-2, ∆V = -1.8 km s−1,
and J=4-3, ∆V = -2.9 km s−1. The quality of the [C I] data is in-
sufficient to recognize a pattern in velocities, but for the [C II]
emission, an even more outspoken pattern is obvious. At the
larger position offsets, the [C II] velocity is lower by about 0.5
km s−1 (blueshifted) than the CO velocities, whereas it is similar
to that of the CO (4-3) velocity at the two positions associated
with the HII region. In the two intermediate offset position, the
difference between the CO and [C II] velocities is about 1 km
s−1. The meaning of these patters is not clear. Is the cloud in ro-
tation with a period of about 20 million years? Or are these two
partially overlapping clouds with a small velocity difference? In
view of the limited resolution of the observations, the crowded
nature of the field, and the long lines of sight through this part of
the SMC, this is a possibility that cannot be neglected.
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Fig. 12. Observed line profiles along the cut through N 25+N 26. Each profile is at the relevant angular resolution as listed in Table 1. The vertical
scale is main beam temperature Tmb in Kelvin. The horizontal scale is VLS R in km/s.
The size of the bright cloud is rather the same in the observed
transitions. The FWHM of the velocity-integrated CO emission,
corrected for finite beam width, is 31 ± 3′′ (9 pc) in the J=2-
1 transition, and 22 ± 2′′ (6 pc) in the higher CO transitions
and in [C II], and these results are indistinguishable from those
obtained from peak brightness temperatures alone. The velocity
width of the two central CO profiles position is greater than at
the more distant offsets, typically 6.5 km s−1 versus 3.0-4.5 km
s−1. In the [C II] line, central velocity widths are likewise 6.5 km
s−1, but with increasing distance to the emission peak, they do
not decrease as much as the CO velocity widths. Overall, the
[C II] emission characteristics more resemble those of the CO(4-
3) transition than those of the CO(3-2) and CO(2-1) transitions.
This is also the case for the location of the emission peak itself:
in most of the observed lines the highest values are obtained at
(+10, +4), which is beyond the compact HII regions, but in both
[C II] and CO (4-3) this is the case at (+3, -3), i.e. 10′′ (or a pro-
jected distance of 3 pc) away and very close to the compact H II
regions.
In some profiles, notably those in the direction of the H II re-
gion, we find an asymmetry. The double-peaked line profiles of
the (optically thin) 13CO(3-2) transition suggest that this asym-
metry is due to a blending of two different velocity components
about 2 km s−1 apart.
Modeling with RADEX of the line ratios of the N 25+N 26
cloud finally yielded a best fit for Tkin(H2) = 50 K, n(H2) =
1 × 104 cm−3, an isotopic ratio of 50, a beam-averaged column
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density N(CO) = 3.7 × 1016 cm−2, and a [C◦]/CO ratio of 0.5.
These values are similar to those of N 88 (see Table 4).
4. Discussion
4.1. Origin of the [C II] emission
Previous studies of Local Group galaxies, in particular the Milky
Way and M33, have shown clear differences between the beam-
averaged profiles of the [C II], CO, and H I lines and of the
location and extent of [C II] with respect to both CO and H
I. For instance, Velusamy & Langer (2014) found from their
Herschel-HIFI survey of 354 Milky Way sight-lines that there is
widespread diffuse [C II] emission associated with diffuse molec-
ular (H2) clouds faint in CO and diffuse H I clouds. About half of
the [C II] emission detected in the Milky Way is associated with
dense molecular clouds traced by CO. Several sight-lines have
[C II] profiles in which only part of the emission has a CO coun-
terpart. In the same way, many H I profiles lack a [C II] counter-
part over much of their velocity range. Pineda et al. (2014) con-
cluded that half of the Milky Way [C II] luminosity comes from
dense PDRs and H II regions, and a quarter each from diffuse
molecular gas weak in CO and cold H I. However, these results
represent very long lines of sight through the Galactic disk, and
significant contributions from diffuse and very diffuse gas are
therefore not surprising.
More comparable to the results presented in this paper are
the HIFI [C II] maps obtained towards star-forming regions in
the dwarf spiral galaxy M 33 by Mookerjea et al. (2011) and
Braine et al. (2012). M 33 has a metallicity somewhat lower
than the Milky Way in the solar neighborhood (∼factor 2,
Magrini et al. 2010), and higher than the SMC. In their mea-
surements, much of the H I gas is also not sampled by either
[C II] and CO. Although the correspondence between the [C II]
and CO profiles is much better in the M 33 complexes than in the
Milky Way sight-lines, there still is a significant amount of [C II]
emission in M 33 that does not have a CO counterpart, meaning
that it should be associated with diffuse (molecular) gas or, in
some cases, H II regions.
Our study of the [C II] emission associated with star-forming
regions in the SMC does not show such effects. On characteris-
tic scales of 10 pc, the emission in the [C II] line is clearly and
closely related to that in the CO line. They have roughly simi-
lar overall extent and peak location. In particular, on the larger
scales covered by our maps, we do not find bright [C II] emission
without a CO counterpart.
However, on smaller scales of a few parsec, distinctions be-
come apparent. The individual emission peaks of [C II] and CO
can be offset from each other by a few parsecs. There is a clear
tendency for [C II] emission to be relatively weak where CO
emission is strong, and strong where CO is weak. In addition,
the [C II] emission is more widely distributed around the stellar
heating sources (i.e., the CO emission is more strongly peaked),
and the [C II] envelopes are more pronounced than the corre-
sponding CO envelopes.
The [C I] emission sampled tends to follow the distribution
of CO, and in particular that of the 13CO isotope. In addition,
[C II] and [C I] appear to avoid one another, that is, they are
somewhat complementary in the maps. The [C II] profiles have
velocity widths greater than those of CO by up to 50%. In con-
trast, the [C I] profiles (and those of 13CO) have velocity widths
narrower than those of CO by about 20%.
In the SMC objects studied here, the behavior of [C II] with
respect to [C I] and CO is roughly similar to that seen in the
significantly less metal-poor LMC H II region complex N 159
in the LMC (Okada et al. 2015). For instance, although [C II] is
also dominant in the N 159, it is so to a lesser degree. [C II] and
CO also tend to complement each other in N 159. The respective
line profiles do not resemble each other nearly as well as in the
SMC. A similarity of line profiles in [C II] and CO is not found
in other recent spectrally resolved extra-Galactic and Galactic
studies either, such as in IC342 (Roellig et al. 2016, in prep.)
and M17 (Pe´rez-Beaupuits et al. 2015).
4.2. Ionized carbon column densities in atomic and
molecular hydrogen gas
The data presented in this paper allow us to make some rough
but quantitative estimates for the ionized carbon column den-
sities associated with the various hydrogen gas phases: neutral
hydrogen H I, ionized hydrogen H II, and molecular hydrogen
H2.
4.2.1. Ionized carbon in H II regions
First, we estimate the possible contribution by H II zones. From
the ATCA radio maps by Reid & Wilson (2006) we find typical
thermal fluxes of about 6 mJy per 15′′ beam for the N 66 ridge
and plume. This yields an emission measure E.M. ( =n2ed) to
be 1.6 × 104 pc cm−6 (Mezger & Henderson 1967). Dividing by
the electron density ne = 220 cm−3 (Heydari-Malayeri & Selier
2010), we find an electron column density Ne = 2.2 × 1020
cm−2 , which in an H II region is equal to the hydrogen column
density NH . With the carbon elemental abundance used before,
this turns into a carbon column density NC = 5× 1015 − 6× 1015
cm−2. This is an upper limit to the column density of C+ that can
be present in the ionized gas in N 66, because not all carbon in
the H II region is singly ionized. As this upper limit is already
one or two magnitudes below the C+ column densities in Tables
3 and 4, it is clear that the contribution of the N 66 H II region
to the inferred ionized carbon column densities is at most a few
per cent - independent of its contribution to the observed [C II]
emission.
From the ATCA radio continuum source catalogs by
Filipovic´ et al. (2002) we find a thermal flux density of 110 mJy
for the 8′′ compact H II region N 88, with an electron density
ne ≥ 3000 cm−3 (Kurt et al. 1999; Testor et al. 2003). From this
we derive a column density upper limit NH ≤ 8 × 1020 cm−2, or
NC ≤ 2 × 1016 cm−2. Beam dilution decreases this even further
to NC ≤ 5 × 1015 cm−2. For the source complex N 25+N 26 the
numbers are less clear, but we estimate in a similar way from
the radio flux (Filipovic´ et al. 2002) and the electron densities
(≈ 103 cm−3 - Testor et al. 2014) an emission measure E.M. =
7×104 pc cm−6 and column densities NH = 2×1020 cm−2 , from
which we find NC ≤ 2×1015 cm−2 once again after taking beam
dilution into account. In either case, the contribution of the H II
region to the (ionized) carbon column density is not more than
2-5 per cent. Given the uncertainties in the analysis of the [C II]
observations, the contribution of the H II regions is negligible.
4.2.2. Ionized carbon in the H I gas
Maps of the neutral hydrogen distribution in the SMC based on
Parkes and ATCA measurements6 with a resolution of an arc-
6 The Australia Telescope Compact Array and the Parkes radio tele-
scope are part of the Australia Telescope National Facility which
is funded by the Commonwealth of Australia for operation as a
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Table 4. Physical parameters of the observed molecular clouds derived from LVG analysis.
Cloud Beam-averaged column densities Mass
Name Tk(H2) n(H2) N(CO) N([C I])a N([C II])b NcH η M(H2+He)b
[K] [104cm−3] [1017cm−2] [1022cm−2] [104 M⊙]
N66 plume 40 0.9 0.40 0.40 1.82 (0.4-5.3) 2.62 0.41 2.4
N66 ridge 50 0.3 0.22 0.07d 0.26 (0.1-1.1) 0.55 0.08 1.3
N25+N26 50 1.0 0.37 0.18 2.93 (0.9-7.8) 3.48 0.37 3.6
N88 30 3.0 0.26 0.16 4.47 (0.5-7.8) 4.89 0.26 3.2
Notes: Assuming a 27.3′′ beam. (a) Assuming H2 temperature and density as derived for CO. (b) Calculated following Eqn. 1 from Pineda et al.
(2013); value adopted assumes temperature T and density n of the molecular hydrogen collision partner as given in Cols. 2 and 3. In parentheses
we give the range from the minimum [C II] column density in the high-T , high-n limit, and the column density if the collision partner H2 has a
density an order of magnitude lower than given in Col. 3. (c) Assuming the nominal [C II] column density and a carbon depletion factor δc = 0.4.
(d) [CI] data missing for some of the peaks.
minute have been published by Stanimirovic et al. (1999). We
extracted H I line profiles at the plume and ridge positions of
N 66 and at the positions of N 88 and N 25. As part of the extrac-
tion procedure, the H I line column densities were automatically
determined from the integrated profiles. These are very similar
for the positions observed: N(H I) is about 4.8 × 1021 cm−2 for
N 88 and the N 66 ridge positions, 3.5 × 1021 cm−2 for the N 66
plume, and 1.0 × 1022 cm−2 for the N 25 sight-line through the
SMC southwest Bar. In all cases, the H I line emission covers
a much wider velocity range than the CO and [C II] lines at the
same positions. In the H I profiles, only ambiguous peaks are
found at the velocities of the well-defined CO and [C II] peaks.
For each of the H I profiles we determined by scaling which
fraction of the integrated H I flux overlaps with the [C II] profiles
and thus may be associated with [C II] emission. This fraction
is typically about 30%, with the exception of the N 66 plume,
where it may be as high as 50%. From the velocity-integrated
H I flux densities thus found, we calculated the corresponding
carbon column densities by applying the elemental carbon abun-
dance [C]/[H] = 2.5 × 10−4 relevant for the SMC and a carbon
depletion factor of 0.25 (which assumes that 75% of the car-
bon in the diffuse neutral gas is locked up in dust grains as in
the Milky Way - see Jenkins 2009). These carbon column densi-
ties are (0.5-1.0)×1016 cm−2 for N 66, 0.9×1016 cm−2 for N 88,
and 2×1016 cm−2 for N 25+N 26. These carbon column densi-
ties are lower by (much) more than an order of magnitude than
the total carbon column densities in Table 4. Because the ioniza-
tion potentials of hydrogen and carbon are very close, we expect
that only a relatively small amount of the carbon will be ion-
ized in the diffuse H I gas-phase with its low ionization fraction.
Assuming an ionized carbon fraction of 25%, we have to ap-
ply another factor of four. This yields upper limits of about (1-
5)×1015 cm−2 to H I-related C+ column densities in the objects
studied here. It is hard to see how the contribution of the H I
gas to the ionized carbon column densities in the regions studied
could be more than a few per cent. This is comparable to what
we have just derived for the contamination from H II regions. In
addition, almost all of the H I gas in the beam will be at den-
sities very much lower than the ionized carbon critical density
of 3000 cm−3, so that the [C II] emission from such columns will
be wholly negligible. We conclude that the atomic neutral hydro-
gen gas phase is likewise a negligible contributor to the observed
[C II] emission. Although the above carbon column densities es-
National Facility managed by CSIRO. This paper makes use of
archived data obtained through the Australia Telescope Online Archive
(http://atoa.atnf.csiro.au).
Fig. 13. Comparison of observed [C II] (histogram) and CO (2-1) (con-
tinuous line) profiles from SMC star-forming regions. In each panel
the spatially averaged (27.3′′) profile is shown according to the legend
in the upper left corner. The vertical scale is in main-beam brightness
temperature Tmb in Kelvin. All CO (2-1) amplitudes have been multi-
plied by the factors indicated in each panel to match the [C II] profile
as closely as possible. We note the very close overall similarity of [C II]
and CO profiles.
timated to be associated with the H I gas are in fact similar to the
carbon column densities derived from the [C I] line observations,
a similar argument holds true: at all conceivable H I temperatures
and densities, the [C I] emission would be too weak to detect.
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4.2.3. CO-dark molecular gas.
In the above, we have found that no more than a very small frac-
tion of both the [C II] emission that we have observed from SMC
star-forming regions and the C+ column densities implied by this
emission is associated with either ionized hydrogen or neutral
atomic hydrogen gas. Thus, practically all [C II] emission should
come from relatively dense molecular gas (although we cannot
distinguish between GMCs and PDRs). Given this result, we can
now interpret the column densities given in Table 3. For small
beam filling factors, most of the molecular H2 gas in the CO-
bright part of the plume would in fact be traced by CO. If larger
beam filling factors apply, as appears to be the case, the amount
of CO-dark molecular gas, traced by the carbon lines rather than
by carbon monoxide, would increase appreciably. In the remain-
der of the plume, CO-dark gas is prominent for all beam filling
factors, increasing from a third to three quarters of all molecu-
lar gas as the beam filling improves. In the ridge section with its
small beam filling factors, CO-dark gas is suggested to be dom-
inant (60% to 70%) except in the center, where it would drop to
a third of all molecular gas.
The radiative transfer results in Table 4 adds to this, although
a definitive result cannot be obtained as we cannot independently
determine the physical properties of the gas with which the [C II]
emission is associated. In the preceding we have established that
this is mostly H2 gas, and we assume for this CO-dark molecular
gas the same kinetic temperature and column density as for the
gas directly traced by CO. The C+ column densities, calculated
from Eq. 1 in Pineda et al. (2013), show that the CO-dark gas is
dominant in all three SMC regions mapped in [C II], [C I], and
CO line emission. Its nominal fractional abundance range from
about 50% in the N 66 ridge to 85%−90% in the compact objects
N 25+N 26 and N 88. CO itself traces between 5% and 40% of
all molecular gas. [C I] traces even less, although it cannot be
neglected with respect to CO. If the gas associated with the [C II]
emission is both hotter and denser than the gas associated with
CO (which we consider unlikely), the amounts of CO-dark gas
drop to about a third of all molecular gas in N 66, but are still
over half of all the molecular gas in N 25+N 26 and N 88. If
the density of the (molecular) gas associated with [C II] were an
order of magnitude lower than that of the CO-related gas (but
at the same temperature), the fraction of CO-dark gas would in
all cases be 80% − 95%. Thus, we conclude that most of the
molecular gas associated with star-forming regions in the SMC
does not produce significant CO line emission, but is bright in
the emission of the ionized dissociation product C+.
Although the CO and the [C II] lines trace different segments
of the H2 gas, these segments must be well mixed in the observed
gas cloud complexes. As already noted, the outlines of the CO
and the [C II] emission are very similar. Moreover, as shown in
Fig. 13, in the observed SMC clouds the averaged CO and [C II]
line profiles are almost identical in shape and similar in width,
unlike the profiles in the more metal-rich Milky Way, M33, and
LMC.
4.3. Expanding ring in N 66
The position-velocity cuts presented in Fig. 5 show a single ve-
locity component for the plume feature, but a more complex ve-
locity structure in the ridge. Along the ridge, the various features
outline a clumpy ring in position-velocity space; this ’ring’ is
seen in both cuts through the ridge. We note that this ringlike
structure is also easily recognized in the channel maps of Fig. 4
and in those published by Rubio et al. (2000, their Fig. 5). In ad-
dition, the complex network of shocked H2 ridges seen by these
authors is specifically associated with this CO/[C II] structure.
We interpret it as representing an expanding ring or cavity seen
edge-on. Its angular diameter of 175 arcsec and its total veloc-
ity width up to 20 km s−1 imply a physical linear radius of 25
pc and an expansion velocity of 7 -10 km s−1. An upper limit to
its expansion age is therefore 3.5 million years. The expanding
bubble model by Weaver et al. (1977) suggests an actual age of
about two million years, taking deceleration into account. These
times are very close to the age of three million years estimated
by Evans et al. (2006) for the star cluster NGC 346 on which
it is centered. The same model also predicts a line-of-sight col-
umn density NH = 2.3× 1023 cm−2, which is consistent with the
value NH(beam − averaged)/η = 0.7 × 1023 cm−2 from Table
4 given the range of uncertainty in that number. As radius, age,
and expansion velocity pose only modest energy requirements, it
is likely that the expansion is driven by the star cluster NGC 346.
Contursi et al. (2000) suggested that NGC 346 creates an in-
terstellar radiation field intensity at the UV wavelength of 160
nm in the center of the ring that is almost an order of magnitude
higher than that in the solar neighborhood, dropping by a factor
of two to four at the ring edges. At the position of the CO cloud
in the plume (their peak G), the UV radiation field does not ap-
pear to differ much from the value in the solar neighborhood.
We thus consider the ridge-like structure and its extension
toward the southwest to be the main remaining part of the GMC
complex from which the star cluster NGC 346 and its precursor
stars originated. This cloud complex is in an advanced stage of
being consumed and destroyed by the stars that it generated.
The CO plume is a smaller remnant cloud that is likewise
being eroded by the radiation from the newly formed stars.
However, at its greater distance to the NGC 346 cluster, the im-
pinging radiation field is much weaker and the erosion process
correspondingly slower. The molecular cloud at the tip of the
plume is only beginning to be heated, and CO is still an abun-
dant and good tracer of the H2 present. In contrast, at the tip of
the plume and closer to ionizing stars, the CO has disappeared
and the bright remaining H2 is traced by [C II] emission instead.
In addition, part of the [C II] emission this close to NGC 346
may also be associated with the densest parts of the H II region.
5. Conclusion
The main conclusion from this work is that the bulk of the mass
of the molecular gas associated with the SMC star-forming re-
gions is traced by [C II], not by CO. Our best estimates for the
percentage of all molecular gas traced by [C II] vary from at
least 50% in N 66 to more than 85% in the compact H II re-
gions N 25+N 26 and N 88. Only if the ionized carbon were to
be both very dense and very hot might these percentages be low-
ered somewhat (to about 35% for N 66 and 55% for the compact
objects). Conversely, they would be close to 100% if the [C II]-
emitting gas were to be colder and less dense. We may compare
this situation to that found in the Milky Way. The Herschel HIFI
[C II] survey of the Galactic plane shows that on average a quar-
ter of the [C II] luminosity is associated with CO-dark H II, as
opposed to a third of the luminosity being associated with PDRs
(Velusamy et al. 2010; Pineda et al. 2014). In addition, the for-
mer found that in more than a third of the clouds surveyed, the
amount of molecular gas traced by [C II] exceeds that traced by
CO. Even more relevant is the conclusion by Pineda et al. (2013)
that the fraction of H II in the Milky Way that is CO-dark (i.e.,
primarily traced by [C II]) ranges from about 20% in the metal-
rich inner Galaxy to 80% in the metal-poor outer Galaxy. Thus,
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the high fractions found here to apply to the observed SMC gas
complexes reinforce the implicit conclusion that [C II] should
be the preferred molecular gas mass tracer in metal-poor envi-
ronments, unlike CO, which it far outperforms in this respect.
However, the rough similarity of the extent of CO, [C I], and
bright [C II], as well as the general similarity of profile widths,
suggests that the distribution of the three species is more closely
entwined in the SMC star-forming complexes than in their coun-
terparts in the Milky Way and the LMC.
The origin of the [C II] luminosity is less straightforward.
The high surface-brightness [C II] emission originates almost
all from regions dominated by molecular H2 gas, with minor
contributions from ionized carbon in H II regions, and perhaps
some from H I directly connected to these. The N 25+N 26 and
N 88 strip maps reveal, in addition to the bright [C II] associ-
ated with the discrete H II regions, a significant amount of very
extended, low surface-brightness [C II] emission that was also
hinted at by the low-resolution KAO [C II] maps published by
Israel & Maloney (2011). Because much of the velocity range
covered by the H I profiles in the same direction shows no dis-
cernible [C II] emission, it is most likely that the diffuse extended
[C II] is associated with diffuse molecular gas of relatively low
density.
From the above, it is clear that studies of regions at substan-
tially lower metallicities than those in the Milky Way are essen-
tial to unravel the physical condition of the molecular ISM as a
function of ambient conditions. In this sense, the SMC regions
studied here have provided a first look at conditions so extreme
that the CO molecule, ubiquitous in the Milky Way, hardly plays
a role. Indeed, the SMC provides about the lowest metallicity
that can fruitfully be studied: at even lower values, all tracers
of molecular hydrogen disappear. The intriguing differences be-
tween the regions discussed here and those in the LMC stud-
ied by Okada et al. (2015) provide further motivation to continue
this investigation.
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Appendix A: APPENDIX
Fig. A.1. N 25+N 26 position-velocity diagrams in all observed lines.
[C I] and 13CO show similar distributions. The CO lines suggest rotation
or outflow.
Fig. A.2. N 88 position-velocity diagrams in all observed CO, [C I],
and [C II] lines. The [C II] and [C I] emission peaks are on opposite
sides of the CO peak. The CO emission is more compact than the [C II]
emission.
Fig. A.3. Beam positions corresponding to the N 66 line profiles shown
in Figs. 6 and 7. The cuts start from the plume to the ridge (north to
south) for the plume component and southwest to northeast for the ridge
component. All the maps have been convolved to the same 27.3′′ beam
size, and we extracted one beam per position.
17
